1 2 This work identifies a new role for Geminin in mouse limb development. Geminin is a nuclear 3 protein that regulates gene expression to control several other aspects of vertebrate development. 4 5 Abstract 6 7 Development of the complex structure of the vertebrate limb requires carefully orchestrated 8 interactions between multiple regulatory pathways and proteins. Among these, precise regulation 9 of 5' Hox transcription factor expression is essential for proper limb bud patterning and elaboration 10 of distinct limb skeletal elements. Here, we identified Geminin (Gmnn) as a novel regulator of this 11 process. A conditional model of Gmnn deficiency resulted in loss or severe reduction of forelimb 12 skeletal elements, while both the forelimb autopod and hindlimb were unaffected. 5' Hox gene 13 expression expanded into more proximal and anterior regions of the embryonic forelimb buds in 14 this Gmnn-deficient model. A second conditional model of Gmnn deficiency instead caused a 15 similar but less severe reduction of hindlimb skeletal elements and hindlimb polydactyly, while not 16 affecting the forelimb. An ectopic posterior SHH signaling center was evident in the anterior 17 hindlimb bud of Gmnn-deficient embryos in this model. This center ectopically expressed Hoxd13, 18 the HOXD13 target Shh, and the SHH target Ptch1, while these mutant hindlimb buds also had 19 reduced levels of the cleaved, repressor form of GLI3, a SHH pathway antagonist. Together, this 20 work delineates a new role for Gmnn in modulating Hox expression to pattern the vertebrate limb.
Introduction

24
The vertebrate limb is a complex structure that develops during embryogenesis from a small bud 25 into an appendage that is patterned along its anterior-posterior (A/P), dorsal-ventral (D/V), and 26 proximal-distal (P/D) axes. Within each limb, three distinct skeletal compartments are formed, the 27 stylopod or upper limb, zeugopod or lower limb, and the autopod or hand/foot, with each structure 28 exhibiting asymmetry between the anterior (thumb) and posterior (little finger) sides. Limb 7 Gmnn expression between the developing fore-and hind-limb buds, we next compared the spatial 162 and temporal expression of the Prx-Cre and Dermo Cre drivers in the developing limb buds. We 163 crossed both Prx-Cre and Dermo Cre strains to the R26R reporter line and examined LacZ 164 expression in the limb buds from E9.5. As described previously, Prx-Cre was strongly expressed 165 in the forelimb bud by E9.5, while no expression in cells of the hindlimb ridge could be detected 166 at this time (Logan et al., 2002) . By E10.5, Prx-Cre was strongly expressed in the forelimb bud, 167 but only weakly expressed in the hindlimb bud ( Fig. S1) . By comparison, Dermo Cre expression 168 could not be detected in the forelimb bud at E9.5, while it was expressed in some cells of the 169 hindlimb ridge at this stage. By E10.5, Dermo Cre was strongly expressed in both the fore-and 170 hindlimb bud (Fig. S1) . Early aspects of limb bud patterning occur approximately a half day later 171 in the hindlimb bud than the forelimb bud (Lopez-Rios, 2016) . As Dermo Cre expression in the 172 hindlimb bud from E9.5 and in both the fore-and hindlimb buds from E10.5 altered hindlimb but 173 not forelimb development, while Prx-Cre excision from E9.5 in the forelimb bud instead only 174 altered forelimb development, these differential effects suggest a window of sensitivity to Gmnn 175 deficiency corresponding to early events of limb bud outgrowth and patterning.
176
Interestingly, although Gmnn was excised from E9.5 or E10.5 in some mesodermal 177 tissues in the primary body axis by both Prx-Cre and Dermo Cre drivers (Fig. S1) , the adult animals 178 had normal axial skeletal patterning. Therefore, to determine whether Gmnn was required in 179 primary body axis mesoderm at earlier developmental stages, we crossed the same floxed Gmnn 180 allele to a pan-mesodermal driver, T-Cre, which drives Cre-mediated recombination in gastrula 181 mesoderm from E7.5 (Perantoni et al., 2005) . We were unable to recover embryos with the mutant 182 genotype at stages later than E9.5 while, at this stage, Gmnn f/f ; T-Cre embryos were smaller in 183 size than littermate controls and had relatively normal head and rostral trunk tissue patterning, 184 but either tissue deficiency or gross abnormality in the caudal trunk and tail regions ( Fig. S4A-B ).
185
We assessed whether either altered development or differences in proliferation or apoptosis could 186 contribute to this caudal phenotype by performing immunohistochemistry on sections of mutant 187 embryos and littermate controls at E8.5, an earlier developmental timepoint prior to turning ( Fig.  8 of Gmnn deficiency in some mesodermal tissues of the later embryo, by using either the Dermo Cre 196 or Prx-Cre drivers, did not result in axial patterning defects. We next explored the molecular basis of the Gmnn f/f ; Prx-Cre limb phenotype by collecting 201 embryos during limb bud outgrowth and patterning and examining markers of limb anterior-202 posterior patterning, proximo-distal outgrowth, and regional specification. The finding that Gmnn f/f ;
203
Prx-Cre forelimbs exhibited loss or reduction of skeletal elements suggested that misregulation 204 of the 5' HoxD cluster genes (Hoxd10-d13) during limb bud patterning could contribute to the 205 defects seen. 5' HoxA/D cluster genes are required for specific aspects of limb regional patterning,
206
with roles for Hox9/10, Hox11, and Hox13 paralogs in the formation of stylopod-, zeugopod-, and 207 autopod-derived structures, respectively. During limb bud outgrowth, the 5' Hox genes are 208 expressed in a nested pattern that parallels their requirement for proper development of different 209 proximo-distal regions, with Hox10-Hox13 paralogs exhibiting progressively less to more distally 210 restricted expression, while Hox10-12 paralogs likewise exhibit lower to higher anterior-posterior 211 enrichment of expression in the limb bud ( Fig. 3) . We examined Hox gene expression by whole 212 mount in situ hybridization (WISH), performing each in parallel WISH analysis on pairs of somite-213 matched embryos obtained from the same timed pregnancy with Gmnn f/f ; Prx-Cre mutant versus 214 Gmnn +/f ; Prx-Cre control genotypes, respectively. In forelimb buds of Gmnn f/f ; Prx-Cre mutant 215 embryos, we found that the normal pattern of Hox expression was disrupted, with expression of 216 multiple 5' Hox genes including Hoxd10, Hoxd11, Hoxd12, Hoxd13, and Hoxa13 expanding both 217 into more proximal and more anterior regions of the forelimb bud ( Fig. 3 ; Table S3A ).
218
We also examined several other classes of markers in Gmnn f/f ; Prx-Cre mutant versus 219 controls. Of the posterior limb bud markers assessed, Ptch1 exhibited a slight anterior expansion 220 of its expression domain, while Hand2 and Shh expression were similar in mutant and control 221 embryos and ectopic anterior Shh expression was not observed, suggesting that limb bud 222 patterning along the anterior/posterior axis patterning was largely unaffected (Fig. 4) . Expression
223
of Fgf8, which marks the apical ectodermal ridge (AER) and is a central driver of proximo-distal 224 limb outgrowth, was similarly expressed in mutant and control embryos ( Fig. 4) . We additionally 225 assessed markers of proliferating (Ki67), mitotic (phosphorylated histone H3; pH3), and apoptotic 226 (cleaved Caspase 3) cells in forelimb bud sections from E10.5 mutant and control embryos ( Fig.  9 Together with the finding that limb skeletal element differentiation did not appear to be significantly 230 impaired or delayed in mutant embryos ( Fig. S2) , these data suggest that differences in cell 231 proliferation and apoptosis in the limb bud are unlikely to account for most later phenotypic 232 abnormalities observed in mutant limbs.
233
To further examine how gene expression was altered during limb development in Gmnn f/f ;
234
Prx-Cre embryos, we also collected somite-matched forelimb buds from pairs of E10.5 mutant 235 and control embryos, with each pair obtained from the same timed pregnancy, and performed 236 RNA-seq analysis to define differentially expressed genes (DEGs) (see Methods). The majority 237 of DEGs exhibited lower expression in Gmnn f/f ; Prx-Cre forelimb bud samples, relative to Gmnn +/f ;
238
Prx-Cre control-derived samples (Fig. S6A, Table S4 ). We assessed the potential biological 239 functions of these DEGs by identifying terms and networks associated with all DEGs, or only with 240 up-or down-regulated DEGs (Table S4) . Among all DEGs, many top terms related to general 241 developmental processes, including transcription, growth, and differentiation, as well as 242 morphology of bone, connective tissue, and muscle, which are tissue derivatives found in the later 243 limb (Fig. 5A) . These terms include DEGs with known roles in limb development, including Sox9, 244 Sox11, Kdm6b, Notch2, and Meis1 (Fig. 5B-D) . As most of these genes encode transcriptional 245 regulators, they were also associated with the 'transcription' term, which also included Lbx1, and 246 Kmt2d (Fig. S6B) . Networks built from these DEGs are associated with development, and cell 247 survival, growth, and proliferation ( Fig. S7A-B ). More specifically, we assessed only networks 248 downregulated in the mutant limb bud compared to the control, as the majority of DEGs fell into 249 this category. Top networks were associated with embryonic development, as well as 250 developmental and connective tissue disorders ( Fig. S7C-D) . This suggests that the aberrant 251 patterning of the mutant forelimb bud may alter expression of genes important for development 252 of limb elements, at least partially contributing to the phenotypes observed.
10 ectopic anterior domains of expression of both Shh and Ptch1, a key target of the SHH signaling 264 pathway, and also ectopically expressed Hoxd13 in the same anterior location ( Fig. 6A-C ; Table   265 S3). During limb bud patterning, a cleaved form of GLI3 transcription factor that acts as a 266 transcriptional repressor (GLI3R) prevents anterior formation and expansion of ZPA activity.
267
Therefore, we collected somite-matched pairs of E11.5 embryos with the Gmnn f/f ; Dermo Cre 268 (mutant) and Gmnn +/f ; Dermo Cre (control) genotypes from single timed pregnancies and generated 269 lysates from the fore-and hindlimb buds. These limb bud lysates were analyzed for levels of both 270 the full-length transcriptional activator form of GLI3 (GLI3A) and for GLI3R, using an antibody that 271 recognizes both forms of the protein. GLI3A levels were unchanged in both the mutant fore-and 272 hindlimb-buds, while GLI3R levels were unchanged in the mutant forelimb bud, but were reduced 273 in the mutant hindlimb bud ( Fig. 6D) . This finding is congruent with the finding of ectopic ZPA-like 274 activity in the anterior region of these embryos, as this additional SHH signaling would be 275 expected to antagonize cleavage of GLI3 to GLI3R (Lopez-Rios, 2016; Tickle and Towers, 2017) .
276
We also examined the expression of other markers by WISH in Gmnn f/f ; Dermo Cre mutant 277
and Gmnn +/f ; Dermo Cre control embryos, again using somite-matched pairs of embryos of each 278 genotype from the same timed pregnancy for analysis. Expression of the posterior marker, Hand2, 279 and the AER marker, Fgf8, were similar in both control and mutant embryos ( Fig. 7) . Other than 280 the ectopic anterior domain of Hoxd13 expression observed above, expression of most other 5'
281
Hox genes examined (Hoxd10, Hoxd11, Hoxd12, Hoxa13) appeared similar in control and mutant 282 embryos at E11.5 ( Fig. 7) . However, while Hoxd12 expression did not differ between mutant and 283 control embryos at E11.5, by E12.5, its expression remained excluded from the anterior portion 284 of the hindlimb bud in control embryos, but spread ectopically throughout the anterior portion of 285 the distal hindlimb bud in mutant embryos ( Fig. 7, arrows) . As only Hox13 paralogs are expressed 286 in this anterior portion of the forming autopod during normal limb development, the finding that 
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Conditional Gmnn knockout with a Dermo Cre driver instead resulted in hindlimb polydactyly and in 299 similar, but less severe, reductions of stylopod-and zeugopod-derived hindlimb skeletal elements 300 in some mutant animals. The developing hindlimb buds in these mutant embryos formed an 301 ectopic anterior ZPA, which misexpressed Hoxd13, Shh, and Ptch1, while GLI3 repressor levels 302 were also reduced in these mutant limb buds and late expression of Hoxd12 expanded anteriorly.
303
Together, this work identified several new requirements for Gmnn activity for normal patterning of 304 the vertebrate limb.
306
Comparison of conditional models of Geminin deficiency in mesodermal derivatives
308
The observations that Gmnn f/f ; Prx-Cre mutant animals had disrupted skeletal development in the 309 forelimbs but not hindlimbs, while Gmnn f/f ; Dermo Cre animals had normal forelimb but altered 310 hindlimb development, suggest a time period during which limb development may be particularly 311 sensitive to Gmnn deficiency. At E9.5, Dermo Cre is expressed in the hindlimb ridge but not in the 312 forelimb bud, while, by E10.5 it is expressed in both the fore-and hindlimb buds. Induction of 313 Gmnn deficiency with this driver resulted only in hindlimb defects, suggesting that forelimb 314 development is most sensitive to Gmnn loss prior to E10.5. Congruent with this, Prx-Cre is already 315 expressed in the FLB from E9.5, and excision using this driver altered forelimb development,
316
while Prx-Cre expression is only weakly detected in the hindlimb bud by E10.5, and Gmnn f/f ; Prx-
317
Cre animals exhibited normal hindlimb development. As early aspects of limb bud patterning occur 318 approximately a half day later in the hindlimb versus forelimb buds (Lopez-Rios, 2016), the 319 differential effects seen in these models suggest a window of sensitivity to Gmnn deficiency 320 corresponding to early aspects of limb bud outgrowth and patterning (e.g. from E9.5-10.5 in the 12 of the primary body axis from E9.5 (Logan et al., 2002; Yu et al., 2003) . By contrast, earlier 325 excision in axial mesoderm with the T-Cre driver, which is expressed in gastrula mesoderm from 326 E7.5 (Perantoni et al., 2005) resulted in embryonic lethality by E9.5. Embryos isolated at these 327 stages exhibited loss or gross reduction of all caudal tissues, while these caudal tissues displayed 328 elevated apoptosis by E8.5. The cause of this apoptosis is unclear. In the head and trunk of 329 Gmnn f/f ; T-Cre; mutant embryos at E8.5, immunohistochemical analysis revealed well patterned 330 trunk tissues expressing mesodermal, endodermal, and neural markers, suggesting that 331 apoptosis is not a consequence of grossly disrupted specification and patterning of these axial Noordermeer and Duboule, 2013). As these highly orchestrated regulatory processes coordinate 394 spatial and temporal activation of Hox gene expression to generate a precisely nested pattern in 395 the forming limb bud, their disruption is likely to be a significant contributor to the alterations of 396 limb development observed in these models, and could involve GMNN's capacity for cooperativity 397 with Polycomb to restrict Hox expression (Karamitros et al., 2014; Luo et al., 2004) .
398
In support of this model, schematized in Fig. 8D , the phenotypes observed in these Gmnn 399 conditional knockout models are reminiscent of other mutations that result in either loss or gain 400 of Hox gene expression. For example, loss of function of Hoxa10, Hoxc10, and Hoxd10 or of both 401 Hoxa11 and Hoxd11 in mouse models severely affects the development of stylopod-or 402 zeugopod-derived skeletal elements, respectively (Davis et al., 1995; Wellik and Capecchi, 2003) .
403
Reduction of specific limb skeletal elements (e.g. the zeugopod) without alterations of autopod 
418
In the Gmnn f/f ; Prx-Cre model, the autopod may be patterned normally due to the posterior 419 dominance of Hoxd13 activity over the activities of the other 5' HoxD genes. These differential 420 effects could also be influenced by temporal differences in regional specification of the 421 stylopod/zeugopod versus the autopod, as these are controlled by earlier versus later waves of 15 differentiation and maturation to generate limb skeletal elements (Boulet, 2003; Swinehart et al., 427 2013) . In the Gmnn f/f ; Prx-Cre model, persistence of an incorrect level or aberrant combinations 428 of 5' HoxD gene expression in regions of the limb bud could impair these later processes, in 429 addition to altering early limb bud patterning. However, loss and reduction of limb skeletal 430 elements was already apparent in mutant embryos by E14.5, and differentiation of the skeletal 431 elements that were present did not appear appreciably impaired when examined at later stages 432 ( Fig. S2) . Misexpression of the Hox 5' genes was already visible during earlier patterning of the 433 limb bud at E11.5, suggesting that this may be a major contributor to the skeletal defects observed 489 Lettice et al., 2003; Lopez-Rios, 2016; Sagai et al., 2005; Tickle and Towers, 2017) . HAND2 490 activity is posteriorly restricted and excluded from the anterior limb bud by mutual antagonism 491 with GLI3 at this time. Once Shh expression is initiated, Shh and the 5' HoxD genes establish may maintain Shh expression in both the endogenous and ectopic ZPA domains, increasing 495 antagonism of GLI3R production (schematized in Fig. 8D) . In Gmnn f/f ; Dermo Cre embryos, an 496 ectopic ZPA feedback loop appears to have been generated, marked by ectopic Hoxd13, Shh, 497 and Ptch1 expression, and corresponding with reduced GLI3R levels in mutant hindlimb buds, 498 potentially involving antagonism of GLI3R production by both the endogenous and ectopic ZPAs.
499
In addition to restricting 5' HoxD gene expression, GMNN can also interact directly with a number 500 of the HOX transcription factors, including HOXD13, antagonizing their transcriptional activity 501 (Salsi et al., 2009; Zhou et al., 2012) . Therefore, if GMNN and HOXD13 proteins interact in the 502 limb bud in vivo, this interaction could potentially constrain the ability of HOXD13 to bind the Shh 503 ZRS, such that GMNN loss could increase the capacity of HOXD13 to activate this enhancer.
504
Although the Gmnn f/f ; Dermo Cre phenotype is distinct from the Gmnn f/f ; Prx-Cre phenotype, 505 reduced capacity to restrict or fine-tune expression of 5' Hox genes may contribute to both 506 phenotypes, as schematized by the altered 5' Hox expression present in both Gmnn mutant limb 507 bud models in Fig. 8D . In bone preparations from the Gmnn f/f ; Dermo Cre animals, we did not 
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we did observe late anterior misexpression of Hoxd12 throughout the anterior portion of the 514 autopod, in a territory from which its expression would normally be excluded. Such Hox 515 misexpression may contribute to the altered anterior-posterior patterning of the limb bud and 516 suggests that misexpression of 5' Hox genes, while not as severe as was seen for the Gmnn f/f ;
517
Prx-Cre limb buds, may also contribute to abnormalities in formation of stylopod-and zeugopod-518 derived skeletal elements that are seen in both models.
519
Here we showed that Gmnn loss resulted in dramatic alterations of the limb patterning 
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Immunoblotting of hindlimb buds with a GLI3 antibody detects the full length activating (GLI3A) 698 and cleaved repressor (GLI3R) forms, the latter of which is reduced in the mutant hindlimb bud (* 699 highlights reduced expression; n=3 biological replicate experiments). A summary of findings, 700 including number of replicates for each WISH probe, is provided in Table S3B . 
705
(or at E12.5, where indicated) by in WISH with probes specific for the genes indicated. An arrow 706 marks expanded Hoxd12 expression into the anterior or the autopod in the mutant at E12.5. A 707 summary of findings, including number of replicates for each WISH probe, is provided in Table   708 S3B. 
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Red symbols indicate upregulated genes and green symbols indicate downregulated genes,
835
where the color intensity represents relative degree of differential expression. Fig. 8 
